DNA double-strand break (DSB) repair involves complex interactions between chromatin and repair proteins, including Tip60, a tumour suppressor 1 . Tip60 is an acetyltransferase that acetylates both histones 2-5 and ATM (ataxia telangiectasia mutated) kinase 6, 7 . Inactivation of Tip60 leads to defective DNA repair 2-4 and increased cancer risk [8] [9] [10] [11] . However, how DNA damage activates the acetyltransferase activity of Tip60 is not known. Here, we show that direct interaction between the chromodomain of Tip60 and histone H3 trimethylated on lysine 9 (H3K9me3) at DSBs activates the acetyltransferase activity of Tip60. Depletion of intracellular H3K9me3 blocks activation of the acetyltransferase activity of Tip60, resulting in defective ATM activation and widespread defects in DSB repair. In addition, the ability of Tip60 to access H3K9me3 is dependent on the DNA damage-induced displacement of HP1β (heterochromatin protein 1β) from H3K9me3. Finally, we demonstrate that the Mre11-Rad50-Nbs1 (MRN) complex targets Tip60 to H3K9me3, and is required to activate the acetyltransferase activity of Tip60. These results reveal a new function for H3K9me3 in coordinating activation of Tip60-dependent DNA repair pathways, and imply that aberrant patterns of histone methylation may contribute to cancer by altering the efficiency of DSB repair.
DNA double-strand break (DSB) repair involves complex interactions between chromatin and repair proteins, including Tip60, a tumour suppressor 1 . Tip60 is an acetyltransferase that acetylates both histones [2] [3] [4] [5] and ATM (ataxia telangiectasia mutated) kinase 6, 7 . Inactivation of Tip60 leads to defective DNA repair [2] [3] [4] and increased cancer risk [8] [9] [10] [11] . However, how DNA damage activates the acetyltransferase activity of Tip60 is not known. Here, we show that direct interaction between the chromodomain of Tip60 and histone H3 trimethylated on lysine 9 (H3K9me3) at DSBs activates the acetyltransferase activity of Tip60. Depletion of intracellular H3K9me3 blocks activation of the acetyltransferase activity of Tip60, resulting in defective ATM activation and widespread defects in DSB repair. In addition, the ability of Tip60 to access H3K9me3 is dependent on the DNA damage-induced displacement of HP1β (heterochromatin protein 1β) from H3K9me3. Finally, we demonstrate that the Mre11-Rad50-Nbs1 (MRN) complex targets Tip60 to H3K9me3, and is required to activate the acetyltransferase activity of Tip60. These results reveal a new function for H3K9me3 in coordinating activation of Tip60-dependent DNA repair pathways, and imply that aberrant patterns of histone methylation may contribute to cancer by altering the efficiency of DSB repair.
Tip60 is a tumour suppressor gene, the expression of which is altered in both breast and prostate tumours [8] [9] [10] [11] . It encodes Tip60 acetyltransferase, which acetylates key proteins involved in the DNA damage response [2] [3] [4] [5] [6] [7] 12 and has a critical role in the detection and repair of DSBs [2] [3] [4] [5] 7 . Currently, the mechanism by which the acetyltransferase activity of Tip60 is increased by DNA damage is not known. Here, we examine whether the interaction between the chromodomain of Tip60 (ref. 13 ) and histones adjacent to DSBs regulates Tip60 acetyltransferase activity. Chromodomains are specialized binding modules containing conserved hydrophobic amino acids, which interact with methyl groups on methylated lysine residues [13] [14] [15] . For example, the chromodomain of , but does not alter the overall level of Tip60 protein ( Supplementary Information, Fig. S2b ) 6, 7 . Tip60 proteins with mutations in the chromodomain were stably expressed in HeLa S3 cells ( Supplementary Information, Fig. S2a ), and their intrinsic acetyltransferase activity measured. Mutation of Phe 43 (Tip60 F43A ) or Tyr 47 (Tip60 Y47A ) in the chromodomain of Tip60 abolished activation of its acetyltransferase activity, whereas mutations of Trp 26 (Tip60 W26A ) or Phe 50 (Tip60 F50A ) had little or no impact (Fig. 1a) . Activation of Tip60 by DSBs leads to Tip60-dependent acetylation and activation of ATM kinase 6, 7 . Mutations in the chromodomain that abolished activation of the acetyltransferase activity of Tip60 (Tip60 F43A and Tip60 Y47A ) also blocked Tip60-dependent acetylation and autophosphorylation of the ATM protein (Fig. 1b) . More detailed analysis of cells expressing the Tip60 Y47A mutant (referred to as Tip60 CD ) revealed a profound defect in both ATM activation and ATM-dependent phosphorylation of Chk2 (checkpoint kinase 2; Supplementary Information, Fig. S2b ), indicating that the chromodomain of Tip60 is essential for activation of the ATM signalling pathway.
Chromodomains function as methyl-lysine-binding regions [13] [14] [15] , implying that the chromodomain of Tip60 may be essential for its recruitment to, and retention at, DSBs. However, the Tip60 CD mutant was efficiently recruited to sites of DNA damage (Fig. 1c) , indicating that the chromodomain is not required to target Tip60 to DSBs. This implies that an alternative mechanism must exist to recruit Tip60 to sites of DNA damage. Previously, we demonstrated that Tip60 and ATM exist as a unique complex in cells 7, 12 , and that, in the absence of ATM, Tip60 recruitment to DSBs is severely compromised 7, 12 . In addition to Tip60, the efficient recruitment of ATM to DSBs and the activation of ATM kinase require the MRN complex [16] [17] [18] . This suggests that Tip60 is recruited to the MRN complex at DSBs as part of an ATM-Tip60 complex. To test this possibility, we first demonstrated that the interaction between ATM and Tip60 was not altered by mutations of the Tip60 chromodomain ( Supplementary Information, Fig. S2a ). Next, we examined the role of the MRN complex in Tip60 activation using cells in which the Rad50 component of MRN was reduced by shRNA 19 (short hairpin RNA; Fig. 2b ). Cells in which Rad50 was depleted failed to recruit Tip60 to DSBs within 15 min of exposure to ionizing radiation (Fig. 1d, e) , although there was a slow accumulation of Tip60 at DSBs at later times. Formation of γH2AX foci (phosphorylated histone H2AX) was unaffected by either Rad50 depletion or mutational inactivation of the chromodomain of Tip60 ( Supplementary Information, Fig. S3a ). However, activation of Tip60 acetyltransferase activity (Fig. 2a) and the Tip60-dependent acetylation and activation of the ATM kinase (Fig. 2b) were reduced in cells lacking a functional MRN complex. This is consistent with previous reports indicating that cells with compromised MRN function show reduced or attenuated activation of the ATM kinase in response to DSBs [16] [17] [18] . These results demonstrate that both Tip60 and the MRN complex make critical contributions to activation of ATM at endogenous DSBs. Cells in which the chromodomain of Tip60 is mutated should therefore show a defective DNA damage response. Consistent with this, cells expressing the Tip60 CD mutant showed increased sensitivity to ionizing radiation (Fig. 2c) , and contained significantly higher levels of chromosome aberrations after exposure to ionizing radiation ( Fig. 2d; Supplementary Information, Fig. S3b) . These results indicate a model in which the previously characterized ATM-Tip60 complex 7, 12 is recruited to the MRN complex as an inactive complex. Activation of Tip60 acetyltransferase activity (through a mechanism involving the chromodomain) then leads to acetylation of ATM and activation of ATM kinase activity.
Next, we determined how the Tip60 chromodomain contributes to the regulation of Tip60 acetyltransferase activity. Histone H3 is methylated in vivo on Lys 4, 9, 27, 36 and 79, which makes it a potential binding partner for the Tip60 chromodomain 20, 21 . Calf thymus H3 (which is posttranslationally modified) and recombinant H3, which was methylated in vitro, activated the acetyltransferase activity of Tip60 ( Supplementary  Information, Fig. S4a, b) , but not the Tip60 CD mutant ( Supplementary  Information, Fig. S4c ). This implies that methylated histone H3 activates Tip60 acetyltransferase activity through interaction with the Tip60 chromodomain. To identify the methylation sites on H3, peptides corresponding to the main histone H3 methylation sites (Supplementary Information, Table S1 ) were examined for their ability to stimulate the acetyltransferase activity of Tip60 in vitro. H3 peptides di-or tri-methylated at Lys 4, 27 and 79 did not stimulate the acetyltransferase activity of Tip60 (Fig. 3a) , whereas H3K9me3 and H3K36me3 peptides activated Tip60 acetyltransferase activity. H3K9me2 had a small stimulatory effect on Tip60 acetyltransferase activity. Tip60 showed a concentrationdependent increase in acetyltransferase activity when incubated with increasing concentrations of H3K9me3 peptide, but not with H3K4me3 ( Supplementary Information, Fig. S5a ). Importantly, peptides containing either H3K9me3 or H3K36me3 did not significantly activate the acetyltransferase activity of the Tip60 CD chromodomain mutant (Fig. 3b) , implying specific interaction between the chromodomain of Tip60 and H3K9me3 or H3K36me3. To further examine these interactions, nuclear extracts containing Tip60 were incubated with methylated H3 peptides immobilized on affinity resin. Tip60 was specifically bound to H3K9me3 ( Fig. 3c; Supplementary Information, Fig. S5b ), whereas the Tip60 CD mutant failed to bind to H3K9me3 ( Fig. 3d; Supplementary Information,  Fig. S5c ). However, no significant binding of Tip60 to H3K36me3 was seen under standard binding conditions (Fig. 3b) , although weak binding of H3K36me3 to Tip60 was detected under low stringency binding conditions ( Supplementary Information, Fig. S5d ). This implies that the interaction of Tip60 with H3K36me3 is significantly weaker than its interaction with H3K9me3, indicating that H3K9me3 is the primary binding site for the Tip60 chromodomain. To further confirm this, the interaction between purified in vitro translated (IVT) Tip60 protein and H3K9me3 was examined. IVT Tip60, but not IVT Tip60 CD , bound specifically to H3K9me3, but not H3K4me3, H3K27me3 (Fig. 3e) or H3K36me3 ( Supplementary Information, Fig. S5e ). Furthermore, Tip60 was the only detectable polypeptide associated with an H3K9me3 affinity column, indicating that the Tip60 chromodomain interacts directly with H3K9me3 ( Supplementary Information, Fig. S6a, b) . When IVT Tip60 was prebound to immobilized H3K9me3 affinity columns, Tip60 was specifically eluted by H3K9me3 peptide, but not by either H3K4me3 or H3K27me3 (Fig. 3f) . Finally, the acetyltransferase activity of purified IVT Tip60 (but not IVT Tip60 CD ) was specifically activated by the H3K9me3 peptide ( Supplementary Information, Fig. S6c ). Figure 3 , therefore, demonstrates that direct interaction between H3K9me3 and the Tip60 chromodomain specifically activates Tip60 acetyltransferase activity, implying that the chromodomain of Tip60 functions as an allosteric regulator of Tip60 acetyltransferase activity.
Next, we determined whether the level of H3K9me3 is important for Tip60 function in vivo. Mouse embryonic fibroblasts (MEFs) derived from mice in which the two main H3K9 methyltransferases, Suv39h1 and Suv39h2, are deleted were examined 22 . Suv39h1/2 -/-mice have reduced levels of H3K9me3 ( Fig. 4b ) and show increased genomic instability 22 . Activation of Tip60 acetyltransferase activity (Fig. 4a) , and Tip60-dependent activation of ATM ( Fig. 4b ) was significantly impaired in Suv39h1/2 -/-MEFs immediately following exposure to ionizing radiation. However, weak ATM activation was detected at later times ( Supplementary Information, Fig. S7 ). Reduced methylation of H3K9me3 therefore correlates with defective activation of Tip60 and ATM in Suv39h1/2 -/-MEFs. To further manipulate H3K9 methylation in vivo, histone demethylases that specifically demethylate H3K9me3 (KDM4D, also known as JMJD2D) 23 or both H3K9me3 and H3K36me3 (KDM4A, also known as JMJD2A) 23, 24 were expressed in cells to reduce levels of H3K9me3. Demethylation of H3K27me3 (by KDM6B, also known as JMJD3) 25 was used as a control. The histone demethylases were efficiently expressed in cells ( Supplementary Information, Fig. S8a ), and specifically demethylated H3K9me3 and H3K27me3 ( Supplementary  Information, Fig. S8b, c) . Demethylation of H3K9, H3K27 or H3K36 did not affect the formation of γH2AX foci, or the recruitment of the MRN complex to sites of DNA damage (Fig. 4c) . Demethylation of histones does not, therefore, impose structural or other changes in the chromatin which inhibit DNA damage signalling events. In addition, Tip60 was recruited to DSBs in cells in which H3K9me3 levels were reduced ( Fig. 4c) , providing further evidence that interactions between methylated histones and the Tip60 chromodomain are not required to recruit Tip60 to DSBs. Demethylation of either H3K9me3 (by KDM4D) or both H3K9me3 and H3K36me3 (by KDM4A) inhibited activation of Tip60 acetyltransferase activity by bleomycin (Fig. 4d) . Demethylation of H3K27me3 (by KDM6B) had no effect. Demethylation of H3K9me3 (by either KDM4D or KDM4A) also blocked Tip60-dependent activation of the ATM DNA damage response pathway, blocking ATM autophosphorylation and preventing the subsequent phosphorylation of p53 and Chk2 by ATM (Fig. 4e) . However, phosphorylation of H2AX, which can be mediated by DNA-PKcs (DNA-dependent protein kinase catalytic subunit) in the absence of ATM 26 , was unaffected by demethylation of histone H3. Figure 4 , therefore, demonstrates that activation of Tip60 acetyltransferase activity by DNA damage is inhibited when levels of H3K9me3 in the cell are reduced. This is consistent with the in vitro binding data in Fig. 3 , and indicates that the interaction between the Tip60 chromodomain and H3K9me3 at DSBs mediates activation of Tip60 acetyltransferase activity.
To confirm that the Tip60 chromodomain and H3K9me3 interact in vivo, Tip60 immunoprecipitates were examined for the presence of H3. Figure 5a demonstrates that bleomycin induced a DNA damagedependent interaction between Tip60 and histone H3 (Fig. 5a ) and that this co-precipitating histone H3 was trimethylated on lysine 9. This interaction between Tip60 and H3 was significantly reduced in cells expressing the Tip60 chromodomain mutant (Fig. 5a ). When H3K9me3 methylation was reduced by expression of the histone demethylases KDM4D or KDM4A, the DNA damage-dependent interaction between the Tip60 chromodomain and histone H3 was significantly reduced (Fig. 5b) . Furthermore, isolation of intact Tip60-H3K9me3 complexes could be achieved without disrupting the chromatin ( Supplementary Information,  Fig. S8e) , suggesting that the Tip60-H3 complexes are either mobile within the nucleoplasm, or are only weakly associated with the chromatin after DNA damage. The results are consistent with a model in which the recruitment of Tip60 to DSBs leads to direct interaction between the Tip60 chromodomain and H3K9me3, increasing Tip60 acetyltransferase activity. Cells lacking H3K9me3 should therefore be sensitive to agents which generate DSBs. Indeed, demethylation of H3K9 (by KDM4D), but not H3K27 (by KDM6B), sensitizes cells to ionizing radiation (Fig. 5c ). H3K9me3 is therefore essential for activation of Tip60 acetyltransferase activity and for cells to survive ionizing radiation exposure.
Interaction between Tip60 and H3K9me3 may occur either through DNA damage-induced H3K9 methylation at DSBs, or through the use of pre-existing H3K9 methylation sites by Tip60 at DSBs. The overall levels of H3K9me3, H3K27me3 and H3K36me3 are unaltered after DNA damage ( Supplementary Information, Fig. S8d ), indicating that interactions with pre-existing H3 methylation sites are involved. Most cellular H3K9me3 is bound by the HP1 family of proteins 14, 15 , potentially making it unavailable for interaction with Tip60. However, after DNA damage, the chromodomain of HP1β is phosphorylated by CK2 (casein kinase 2), and this phosphorylation leads to release of HP1β from H3K9me3 (ref. 27 ). This DNA damage-induced release of HP1β from the chromatin may generate domains of H3K9me3 which can interact with the Tip60 chromodomain. Therefore, we examined whether release of HP1β from the chromatin was required for activation of Tip60 acetyltransferase activity. Chromatin fractionation studies confirmed that HP1β is located on the chromatin before DNA damage (Fig. 5d) , and that a significant fraction of this HP1β is released to the nucleoplasm after exposure to bleomycin. Prior treatment of cells with TBB (4,5,6,7-tetrabromobenzotriazole), a highly specific inhibitor of CK2 (ref. 28) , blocked release of HP1β from the chromatin (Fig. 5d) , as shown previously 27 . Inhibition of CK2 with TBB also blocked activation of Tip60 acetyltransferase by bleomycin and prevented the ATMdependent phosphorylation of Chk2 (Fig. 5e ). To determine whether this effect was specific to HP1β, siRNA was used to deplete HP1β levels, generating domains of H3K9me3 devoid of HP1β. In the absence of HP1β, the ability of TBB to block activation of Tip60 acetyltransferase activity and to prevent phosphorylation of Chk2 was lost (Fig. 5e) . These results indicate that access to the Tip60 chromodomain by H3K9me3 is controlled through two key steps (Fig. 5f) . First, the DNA damage-dependent ejection of HP1β from the chromatin is required to produce domains of H3K9me3 adjacent to the DSB. Second, association of the MRN complex with DSBs is required to efficiently recruit the inactive ATM-Tip60 complex to the DNA damage site. The localization of the ATM-Tip60 complex to the DSB facilitates productive interaction between the Tip60 chromodomain and adjacent chromatin domains containing H3K9me3. This interaction increases Tip60 acetyltransferase activity, leading to the acetylation and activation of the ATM kinase, as well as the potential for Tip60 to directly acetylate other histones on the chromatin. The binding of H3K9me3 to the Tip60 chromodomain therefore functions as an allosteric regulator of Tip60 catalytic activity, rather than as a binding module for recruiting Tip60 to DSB. In addition to Tip60, interactions between the MRN complex and ATM may also provide critical inputs for generating and maintaining ATM in its active form 18 . These results therefore provide a mechanistic framework that links together previous observations of the relative contributions of the MRN complex 17 , ATM autophosphorylation 29 and Tip60-dependent acetylation of ATM 7 , to activation of the ATM kinase. Furthermore, H3K9me3 is predominantly located in the compacted, heterochromatic regions of the chromatin 30, 31 where it is associated with HP1. This suggests that Tip60 may be preferentially activated by DSBs generated within heterochromatin, which would be consistent with reports that the repair of DSBs in heterochromatin involves ATM 32 . However, because H3K9me3 can be found in non-heterochromatin regions 33 , Tip60 function is unlikely to be entirely restricted to heterochromatic regions during DNA damage responses.
These results also have important consequences for human disease. Histone methylation patterns differ between cell lineages and are frequently altered in human tumours 20, 34 . These altered histone methylation signatures may have a key role in the aetiology of cancer by regulating the efficiency and extent of DNA repair at specific sites in the chromatin. The tumour suppressor functions of Tip60 are therefore intimately linked to the levels of H3K9me3, and to the methyltransferases and demethylases that regulate this histone modification.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturecellbiology/. 
M E T H O D S

METHODS
Cells. HeLa S3, 293T, HCT116 cells and MEFs were cultured as described previously 7, 22 . Cells were irradiated using a Cs 137 irradiator and clonogenic cell survival monitored as described previously 7 . For cell survival assays, averages were calculated from at least three independent plates, and expressed as ± s.d.
Immunoprecipitation and western blot analysis. Cell lysis buffers, immunoprecipitation and western blot analysis were carried out as described by us previously 7, 12 . Cells (1 × 10 7 ) were lysed in ATM lysis buffer (20 mM Hepes at pH 7.4, 150 mM NaCl, 0.2% Tween 20, 1.5 mM MgCl 2 , 1 mM EGTA, 2 mM DTT, 50 mM NaF, 500 μM NaVO 4 , 1 mM PMSF, 1μg ml -1 aprotinin and 1μg ml -1 leupeptin) and cleared by centrifugation. Antibodies against ATM (PC116; EMD Biosciences) or Tip60 (HA or Tip60; Abcam and Upstate Biotechnology) were used for immunoprecipitation, and immune complexes collected on protein-A agarose beads. Immunoprecipitates were washed three times in ATM lysis buffer, and once each in high salt buffer (100 mM Tris at pH 7.4, 600 mM NaCl, 1 mM DTT and 1 mM PMSF), and base buffer (10 mM Hepes at pH 7.4, 10 mM MgCl 2 , 50 mM NaCl, 1 mM DTT and 1 mM PMSF). For co-precipitation of Tip60 and histone H3, cells were lysed in ATM lysis buffer supplemented with benzonase (Novagen) to digest DNA, and then centrifuged (35,000g for 20 min) to remove chromatin fragments and cell debris. Immunoprecipitation was carried out as described above. For histone extraction, cells were collected, washed in phosphate buffered saline (PBS), resuspended in buffer C (20 mM HEPES at pH 7.9, 0.1% Triton X-100, 1.5 mM MgCl 2 , 1 mM PMSF and 1 mM DTT) and incubated for 10 min. Lysates were centrifuged (15,000g for 10 min), washed once in buffer C and the resulting pellet resuspended in buffer D (10 mM HEPES at pH 7.9, 10 mM KCl, 1.5 mM MgCl2,1 mM DTT and 1 mM PMSF) to a final volume of 600 μl. Sulphuric acid (2.0 N) was then added to a final concentration of 0.4 N. Samples were incubated on ice for 30 min, and cleared by centrifugation (15,000g for 15 min). 1/5 volume of ice cold TCA (100%) was added to the supernatant, which was then incubated for 30 min on ice. Precipitates were collected by centrifugation (1,500g for 15 min), and washed with ice-cold 0.1% HCl/acetone followed by ice-cold acetone alone. Pellets were air dried and resuspended in HEPES (10 mM at pH 7.9). Antibodies used were: ATM 2C1 (1:1,000 dilution; Genetex); anti-phospho-Ser 1981 ATM (1:1,000; Rockland Biochemicals); anti-acetyl-lysine (1:5,00), anti-Tip60 (1;1,000), anti-H2AX (1:1,000) and anti-H3K9me3 (1:2,000; all four were from Upstate Biotechnology); anti-Tip60 N17 (1:1,000; Santa Cruz); Flag M-2 (1:1,000; Sigma); anti-p53 (1:1,000), anti-phospho-Ser 15 p53 (1:1,000) and ATM antibody PC116 (1:1,000; all three were from EMD Biosciences); anti-β-actin (1:2,000), anti-Chk2 (1:1,000), anti-phosphoThr 68 Chk2 (1:1,000)and anti-γH2AX (1:1,000; all four were from Cell Signaling); anti-Nbs1 (1:1,000; Novus Biologicals); anti-histone H3 (1:8,000), anti-HA (1:1,000), anti-H3K27me3 (1:2,000), anti-H3K36me3 (1:2,000) and anti-CBX1 (HP1β; 1:2,000; all five were from Abcam); Rad50 (1:1,000; Genetex). Transfection protocols. Mutagenesis was carried out using the QuikChange II XL Site-Directed Mutagenesis Kits (Stratagene). For stable cell lines, HeLa S3 cells were transfected with an empty vector or Tip60 expression vectors using FuGENE-6, and clonal cell lines were established by selection in neomycin (400 μg ml -1 ). For transient expression of histone demethylases in 293T cells, FuGENE-6 and plasmid DNA were mixed at a 3:1 ratio and added directly to tissue culture media. Exactly 30 h post-transfection, cells were immediately used for experimental protocols. For siRNA experiments, cells were transfected using Lipofectamine 2000 (Invitrogen). Control and HP1β (CBX1)-specific siRNA were from Dharmacon (catalogue numbers D-001810-10 and L-009716-00, respectively).
HAT assays. For HAT assays, Tip60 immunoprecipitates (prepared as described above) were washed twice in HAT assay buffer (50 mM Tris at pH 8.0, 10% Glycerol, 0.1 mM EDTA and 1 mM DTT), and incubated in HAT assay buffer (60 μl) supplemented with acetyl-CoA (100 μM), and biotinylated histone H4 peptide (0.5 μg) for 30 min at 30 o C. An aliquot of the reaction was immobilized onto 96-well streptavidin plates, and acetylation of the H4 peptide detected using a HAT ELISA according to the manufacturer's instructions (Upstate Biotechnology). HAT activity is expressed as the change in absorbance relative to the reference wavelength (450-540nm). Validation of the acetyltransferase assay and details of procedures are described in the Supplementary Information, Figs , and in refs 6, 7 and 12. For in vitro reactions to determine the ability of methylated histone H3 peptides to activate Tip60, immunoprecipitates of Tip60 were incubated with peptide (500 ng) or H3 (500 ng) for 15 min, before three washes in HAT assay buffer to remove unbound peptide. HAT activity was measured as described above. Methylation of recombinant histone H3 was carried out as follows 35 : recombinant H3 (10 μg) was incubated with freshly prepared NaBH 4 (40 mg ml -1 ) and formalin (5 μl) on ice, and aliquots removed every 10 min for western blotting analysis using a pan methyl-lysine antibody. Histone H3 peptide sequences are listed in Supplementary Information, Table S1 .
Statistical analysis of the HAT assay. For each data point, three independent immunopurification reactions were carried out, before assay of the HAT activity associated with each immunopurification. The resulting triplicate data points were averaged, and expressed as ±s.d. Individual experiments were repeated at least twice.
Peptide-binding studies. Biotinylated peptides (5 μg; Supplementary Information, Table S1 ) were prebound to sepharose-avidin beads for 3 h at 4 °C, and washed extensively in binding buffer (20 mM HEPES at pH 7.5, 150 mM NaCl, 2.5% glycerol, 0.05% Tween 20, 2 mM DTT, 0.1μg ml -1 aprotinin, 0.1 μg ml -1 leupeptin and 1 mM PMSF). Nuclear extracts 36 were prepared from cells expressing either an empty vector, HA-Tip60 or HA-Tip60 CD . Extracts were pre-cleared with sepharose-avidin beads, and incubated with peptide bound to sepharose-avidin beads for 2 h in binding buffer. Beads were washed with wash buffer (20 mM HEPES at pH 7.9, 300 mM KCl, 0.2% Tween 20, 1.5 mM MgCl 2 , 2 mM DTT, 50 mM NaF, 500 μM Na 3 VO 4 , 0.1 μg ml -1 aprotinin, 0.1μg ml -1 leupeptin and 1 mM PMSF), followed by base buffer (4 mM HEPES at pH 7.9, 10 mM NaCl, 1 mM PMSF and 2 mM DTT). Bound proteins were eluted from the resin with SDS sample buffer and analysed by SDS-PAGE.
In vitro translation. Tip60 or Tip60
CD were in vitro translated using the TNT T7 Coupled Reticulocyte Lysate System (Promega) in a final volume of 500 μl. For binding of in vitro translated Tip60 to H3K9me3, biotinylated peptides were prebound to sepharose-avidin beads as described in the previous section. In vitro translate (100 μl) was diluted in binding buffer (20 mM HEPES at pH 7.9, 150 mM NaCl, 0.05% Tween 20, 2.5% glycerol, 1.5 mM MgCl 2 , 2 mM DTT, 0.1 μg ml -1 aprotinin, 0.1 μg ml -1 leupeptin and 1 mM PMSF) to a final volume of 500 μl. In vitro translates were incubated with sepharose-avidin columns (for 4 h at 4 o C), washed five times in binding buffer, once in base buffer (10 mM HEPES at pH 7.4, 10 mM MgCl 2 , 50 mM NaCl, 1 mM DTT and 1 mM PMSF) and proteins were eluted in SDS-PAGE sample buffer.
Chromatin fractionation experiments. Chromatin fractionation was carried out as described previously 37 . Cell (1 × 10 8 293T cells) were resuspended in 200 μl of buffer A (10 mM HEPES at pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 0.34 M sucrose, 10% glycerol, 1 mM DTT, 0.1 μg ml -1 aprotinin, 0.1μg ml -1 leupeptin and 1 mM PMSF). Triton X-100 was added to a final concentration of 0.05% followed by incubation on ice for 5 min. Nuclei were collected by centrifugation (15,000g for 5 min). The supernatant was cleared by centrifugation (20,000g for 20 min) and designated S1. Nuclei were washed in buffer A, and then lysed in buffer B (3 mM EDTA, 0.2 mM EGTA and 1 mM DTT) for 10 min on ice. The insoluble chromatin fraction was collected by centrifugation (20,000g for 4 mins). The supernatant was cleared by centrifugation (20,000g for 20 min) and designated S2. Finally, the chromatin fraction was washed in buffer B, treated with benzonase (5 μl at a 1:10 dilution; Novagen) to digest DNA, and the chromatin-associated proteins were solubilized in SDS-sample buffer.
Chromosome aberrations. HeLa S3 cells were irradiated (2 Gy) and allowed to recover for 14 h. Colcemid was added, and the metaphase spreads prepared as described previously 38 . All spreads were counted blind.
Immunofluorescence. Cells (cultured on coverslides) were fixed in phosphate buffered saline (PBS) containing paraformaldehyde (2%), blocked with serum (2%) and permeabilized in bovine serum albumen (0.2%) containing saponin (0.2%) for 10 min. Cells were incubated with a primary antibody for 1 h and then washed, followed by incubation with a secondary antibody for 1 h. Slides were mounted with Fluoromount-G (Southern Biotech) and visualized with a Nikon Eclipse TE 2000 microscope. (5Gy) and allowed to recover for 0.5, 2 or 4hr. ATM was immunoprecipitated, and western blot analysis used to detect ATM, phospho-ATM (pS1981) and the Tip60-dependent acetylation of lysine 3016 of ATM (AcK3016). Immunoblot analysis of cell lysates was used to detect chk2, phospho-chk2 (pT68-chk2) and β-actin levels. The results indicate that mutation of Tip60's chromodomain leads to loss of ATM activation, and the failure of ATM to phosphorylate its downstream targets, including chk2. Methylation of recombinant H3 (rH3) was carried out by reductive methylation in vitro, as described in methods. Western blot analysis, using a pan methyl-lysine antibody, was used to monitor the methylation of rH3 (rH3me) to achieve similar methylation levels to that detected with calf thymus H3 (ctH3 Figures 1b, 2b, 3c , 3d, 3e, 3f, 4b, 4e, 5a, 5b, 5d, and 5e included.
